Polyamines are found in all groups of cyanobacteria, but their role in 25 environmental adaptation has been barely investigated. In Synechocystis 6803, 26 inactivation of spermidine synthesis genes significantly reduced the survivability 27 under chill(5 o C)-light stress, and the survivability could be restored by addition 28 of spermidine. To analyze effects of spermidine on gene expression at 5 o C, lacZ 29 was expressed from the promoter of carboxy(nor)spermidine decarboxylase gene 30 (CASDC) in Synechocystis. Synechocystis 6803::P CASDC -lacZ pretreated at 15 o C 31 showed a high level of LacZ activity for a long period of time at 5 o C; without the 32 pretreatment or with protein synthesis inhibited at 5 o C, the enzyme activity 33 gradually decreased. In a spermidine-minus mutant harboring P CASDC -lacZ, lacZ 34 showed an expression pattern as if protein synthesis were inhibited at 5 o C, even 35 though the stability of its mRNA increased. Four other genes, including rpoA that 36 encodes the α subunit of RNA polymerase, showed similar expression patterns. 37 The chill-light stress led to a rapid increase of protein carbonylation in 38 Synechocystis. Afterwards, protein carbonylation quickly returned to 39 background level in the wild type but continued to slowly increase in the 40 spermidine-minus mutant. Our results indicate that spermidine promotes gene 41 expression and replacement of damaged proteins in cyanobacteria under the 42 chill-light stress in winter. 43 44 IMPORTANCE 45 Outbreak of cyanobacterial blooms in freshwater lakes is a worldwide 46 environmental problem. In the annual cycle of bloom-forming cyanobacteria, 47 overwintering is the least understood stage. Survival of Synechocystis 6803 under 48 long-term chill(5 o C)-light stress has been established as a model for molecular 49 studies on overwintering of cyanobacteria. Here, we show that spermidine, the 50 most common polyamine in cyanobacteria, promotes the survivability of 51 Synechocystis under long term chill-light stress and that the physiological 52 function is based on its effects on gene expression and recovery from protein 53 3 damage. This is the first report on the role of polyamines in survival of 54 overwintering cyanobacteria. We also analyzed spermidine synthesis pathways in 55 cyanobacteria on the basis of bioinformatic and experimental data.
5 18) and enhancement of acid resistance (19, 20) . In cyanobacteria, there are certain 109 clues that may relate polyamines to osmotic tolerance (21), but little is known about 110 the role of polyamines in adaptation to freshwater environments. Because polyamines 111 in plants are involved in cold responses and can enhance tolerance to cold and 112 freezing temperatures (22), those in cyanobacteria may relate to overwintering. 113 The most common polyamines in bacteria include putrescine, spermidine, 114 norspermidine, spermine, etc. (14, 23) . Putrescine is formed through the 115 decarboxylation of arginine or ornithine (14, 15, 24, 25) . Arginine is decarboxylated 116 into agmatine by arginine decarboxylase (ADC), and further converted into putrescine 117 by agmatine ureohydrolase (AUH) or agmatine iminohydrolase (AIH) and 118 N-carbamoylputrescine amidohydrolase (NCPAH). The decarboxylation of ornithine 119 directly produces putrescine. There are two known pathways for synthesis of 120 spermidine from putrescine (Fig.1 ). In the classical pathway, spermidine synthase 121 (SPDS) transforms putrescine and decarboxylated S-adenosylmethionine (DC-SAM) 122 into spermidine (14, 15) . DC-SAM is generated from SAM by SAM decarboxylase 123 (SAMDC). In the alternative pathway, carboxy(nor)spermidine dehydrogenase 124 (CASDH) transforms putrescine and aspartic β-semialdehyde (ASA) into 125 carboxyspermidine, which is then transformed into spermidine by 126 carboxy(nor)spermidine decarboxylase (CASDC) (15, 26) . In microbes with 127 diaminobutyrate aminotransferase/decarboxylase (DABA AT/DC), from ASA and 128 glutamate, diaminopropane (DAP) is produced via the intermediate DABA. ASA and 6 pathways for spermidine synthesis can be found in cyanobacteria. Homospermidine 139 synthase is not found, but deoxyhypusine synthase may transform putrecine into 140 homospermidine, in certain groups of cyanobacteria (28). Like other bacteria, 141 cyanobacteria can take up polyamines from the environment (29-32) and may secret 142 polyamines (32). 143 In the study of overwintering mechanism of cyanobacteria, we employed 144 microarray analysis to identify genes up-regulated in Synechocystis 6803 exposed to . 155 Polyamines except homospermidine were purchased from Sigma Chemicals. 156 Homospermidine was synthesized in this lab and confirmed with nuclear magnetic 157 resonance spectroscopy. Data (mean ± SD) were generated from results of 3 158 replicates. were collected by centrifugation (4,000 rpm, 10 min), washed with 50 ml of 10 mM 180 NaCl and re-suspended in 1.5 ml of BG11. Plasmid DNA was added to cell 181 suspension at 2 μg DNA/ml. After incubation overnight in the dark at 30°C on a 182 rotating shaker, cells were spread on BG11 plates with 5 μg/ml kanamycin. 183 Cyanobacterial strains are described in Table 1 , and primers are listed in Table S1 . pretreated at 15 o C for 2 d and exposed to chill-light stress for 1 d, then rifampicin was 210 added to inhibit mRNA synthesis. Total RNA was extracted at 0, 1 and 2 h. PCR 211 primers are listed in Table S1 . β-D-galactopyranoside) was added to initiate the reaction. After incubation at 30°C 218 for 30min, the reaction was terminated by addition of 500 μl of 1 M Na 2 CO 3 . Cells 219 were removed from the reaction mixture by centrifugation (12,000 rpm, 2 min), and 220 absorbance at 420 nm was measured for calculation of β-galactosidase activity (OD 420 . (Table S2) . 252 By generating mutants of genes that are up-regulated upon exposure to chill-light 253 (Table S2 , denoted with a or b) and testing their chill-light survivability, we identified 254 slr0083 (crhR) and sll0873 (CASDC) as two important genes for the survivability 255 (data not shown). slr0083 that encodes an RNA helicase has been investigated for its 256 10 role in cold acclimation (temperature downshift from 34 o C to 24 o C) before (9). In our 257 study, we focused on sll0873, a gene predicted to encode the carboxy(nor)spermidine 258 decarboxylase, for its specific role in chill-light survivability. 259 Northern blot analysis showed that sll0873 mRNA was gradually accumulated after relate to its role in gene expression under the chill-light stress. We attempted to 317 employ the in vitro translation system (44) to test this hypothesis, but found it 318 technically unfeasible due to precipitation of constituents at the low temperature. 319 Alternatively, we employed lacZ as a reporter gene to test gene expression in vivo.
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CASDC was shown to be actively expressed at Fig. 7A ). 345 Using Western blot analysis, we also detected LacZ at the protein level. Within 4 346 13 days under the chill-light stress, the two strains showed no difference in abundance of 347 LacZ; on the 8th day, LacZ remained almost unchanged in the wild type with 348 P CASDC -lacZ but disappeared in the spermidine-minus strain (Fig. 7B) . 349 The decrease of β-galactosidase activity and LacZ abundance in the mutant may 350 reflect the role of spermidine in translation or transcription or both. Using qRT-PCR, 351 we compared mRNA levels of lacZ in the two strains and found similar results as showed stepwise increases and remained unchanged within 8 days of chill-light stress. 364 In contrast, these mRNAs in the spermidine-minus mutant gradually decreased after 365 exposure to chill and light. 366 Using rbp1 as an example, we tested the effect of spermidine on the stability of 367 mRNAs and found a slight increase in the spermidine-minus mutant compared to the 368 wild type (Fig. S3 ). Therefore, in Synechocystis cells exposed to chill-light stress, 369 spermidine enhances transcription activity rather than mRNA stability. 370 Unlike LacZ, the abundance of Rbp1 and EF-Ts remained unchanged within 8 days 371 of chill-light stress in strains with or without spermidine (Fig. S4 ). Apparently, in 372 cyanobacterial cells exposed to chill-light stress, proteins differ from each other in their role in environmental adaptation of cyanobacteria has been barely investigated. 406 In this study, we found that spermidine is required for the chill-light survivability of 407 cyanobacteria and that the physiological function is based on its effects on gene 408 expression and recovery from protein damage. 409 Before the finding of the alternative polyamine synthesis pathway in bacteria (15), 410 spermidine synthesis in Synechocystis 6803 was thought to be via SAMDC, and 411 spermine was reported to be detected in Synechocystis samples (21, 45). Our study, 412 however, showed that polyamine synthesis in this cyanobacterium should be via the 413 alternative pathway rather than the classical pathway, because inactivation of either 414 CASDH or CASDC abolished the synthesis of spermidine and no gene has been 415 predicted to encode SAMDC in the genome. Also, no spermine was detectable in 416 Synechocystis 6803 under our conditions. This is supported by the lack of spermine 417 synthase gene in the genome. Furthermore, in an investigation of polyamine 418 distribution profiles, spermine was only found at very low levels in 7 of 63 419 cyanobacterial strains (Hosoya et al. [2005] , with no information of axenicity of these 420 strains). 421 According to the gene information shown in Table 2 , many cyanobacteria can be 422 predicted to synthesize spermidine via either classical or alternative pathway or both. Figs. 8 and 9 ) and β-galactosidase activity (Fig. 7) continued to decrease 493 within 8 days, and LacZ was even completely degraded between the 4th day and 8th 494 day (Fig. 7) . 495 
